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As ecosystem engineers, subterranean rodents excavate and inhabit burrow systems. However, the changes in their use of underground space are poorly recorded. There is conflicting evidence about whether the burrow systems of subterranean rodents, once established, are relatively stable as a result of the high energy costs of digging. We monitored the size of the home ranges of the plateau zokor (Myospalax baileyi) during different stages of its life cycle to show whether mating behavior and the characteristics of its habitat influence the size and location of its home range. We used radio-tracking to quantify the changes in, and overlap of, the home range of M. baileyi during a one-year period. The average size of the home ranges of male zokors was 6.5 times larger than that of female zokors during the mating season. The males expanded their burrows to overlap with multiple females to increase their chances of mating. However, there was no overlap between estrus females or males, perhaps to reduce the number of encounters and unnecessary fights. The home ranges of male and female zokors were similar in size after courtship and the home ranges of single zokors overlapped with those of several neighbors. Most individuals remained territorial and excluded intraspecific interactions from their home ranges. The location of female zokors was stable throughout the year, but half of the males changed the location of their nests and established completely new home ranges in the non-breeding season, mainly in October. The use of space by M. baileyi is flexible in response to a need for physical contact during the mating season and food resources. The home ranges of subterranean plateau zokors are dynamic and the home ranges of male zokors can change within one breeding cycle.
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Introduction

Basic theoretical studies of the use of space by animals are based on the concept of a home range, which was initially defined as the area in which an animal can meet its daily needs (Burt, 1943). The home range has more recently been defined as the area that an animal repeatedly traverses (Kenward et al., 2001; Powell and Mitchell, 2012). Most resident mammals limit their movements to a fairly well-defined area rather than just wandering randomly. The original definition of range has been explored in a variety of ways, including empirical and theoretical methods. The fact that the home range of most animals is dynamic in both size and location in spatiotemporal sequences There are thousands of articles quantifying seasonal dynamics of home ranges going back decades (Wada and Ichiki, 1980; Schoen and Kirchhoff, 1985; Lesage et al., 2000; Powell and Boitani, 2012). Ecologists have been linking animal movement with population dynamics for decades (e.g., Cooper, 1978; Boutin, 1979; Turchin, 1998). The seasonal changes in the home range of subterranean rodents were mainly concentrated in a few species, but the research objects based on different populations, and the radio-tracking based on the changes of home range in same population was rare (Šklíba et al., 2009). Most studies have focused on the factors that influence the size of the home range at a given point in time (Fisher and Owens, 2012).

Subterranean rodents successfully adapted to the underground environmental condition (Lessa, 2000; Shao et al., 2015). Compared with ground-dwelling species, their scope of activity and dispersal are greatly restricted by their underground environment. Most of their activities take place in underground burrow systems occupied by solitary and society individuals. Subterranean rodents mainly rely on the underground storage organs of plants for food and they must continuously extend their burrow systems to ensure adequate food resources. Begall et al. (2007) suggested that the burrow systems of subterranean rodents are continuously transformed by excavating new tunnels while abandoning part of the older tunnel network. Some subterranean rodents maintain an optimum size of their burrow systems through backfilling the tunnels with soil (Fisher and Owens, 2012). If the size of the home range of an animal is too large, it will be detrimental to the domain’s occupant because the cost of defending their territory increases dramatically as the home range expands (Hinsch and Komdeur, 2017). The food resource and soil characteristics directly influence the size of the home range and the dynamics of the burrow systems of subterranean rodents in different types of habitat (Fisher and Owens, 2012; Lovari et al., 2013; Lövy et al., 2015; Kubiak et al., 2017). Larger animals don’t ‘require’ more mates. They may have access to more mates through a competitive advantage, but it is not a requirement. Furthermore, home range size has been linked to a wide range of other biological factors beyond body size including habitat productivity, population density, etc. The range of activities of subterranean rodents is restricted by the underground physical environment. Analysis of home-range size could be useful also for revealing mating strategies. Lager male home ranges are expected to be used to encounter potential mates or recruiting. Cutrera et al. (2010) observed the intraspecific variation in home range size between two different sites in the South American Talas tuco-tuco (Ctenomys talarum). The size of the home range was influenced by both body size and the differences in soil characteristics (especially soil hardness) between the two study sites (Cutrera et al., 2006).

Live trapping and radio-tracking are valid tools with which to systematically collect data on the characteristics of movement and the use of space by small mammals inhabiting the underground environment. Studies of the size of home ranges have been carried out by radio-tracking a few species of Bathyergus, Ctenomys and Spalax (Rado and Terkel, 1989; Narins et al., 1992; Šumbera et al., 2008; Šklíba et al., 2016; Kubiak et al., 2017). Surprisingly, there have been few studies on the long-term use of space by subterranean rodents. Although there have been studies of the seasonal changes in the dynamics of the home range (Zhou and Dou, 1990; Rado et al., 1993), most previous studies have been conducted in different populations of the same species in different seasons. Nevo (1999) reported that the home ranges of underground mammals, once established and used for one breeding season, become essentially permanent for life. However, constantly shifting home ranges have been described (but not quantified) in solitary subterranean rodents, such as the blind mole rat (Spalax ehrenbergi) (Zuri and Terkel, 1996). Šklíba et al. (2009) tracked silvery mole rats (Heliophobius argenteocinereus) for three months in the non-breeding season and found that their home ranges were dynamic and continuously changing in space. We therefore assume that home ranges are dynamic patterns of the use of space by animals and result from life-history strategies or interactions between individuals and the external environment.

We analyzed the use of space and the stability of the home range in the plateau zokor Myospalax baileyi (Rodentia: Myospalacinae), a widely distributed solitary subterranean rodent from the Qinghai–Tibetan Plateau (Zhang, 2007). Adult females of plateau zokors give birth once a year between April and July. The periods of gestation and lactation each last about 50 days (Zheng, 1980). M. baileyi occurs in various habitats with different food supplies and soil properties in an environment with alternating cold and warm seasons and it exemplifies a successful adaptation to an extreme subterranean environment (Shao et al., 2015).

We investigated individual home ranges using a radio-telemetry system. We tracked individuals of M. baileyi from June 2016 to May 2017 to cover the physiological changes in the plateau zokor during the year and changes in the food supply and soil characteristics. M. baileyi occupies different habitats with varying characteristics of soil and food supply in a seasonal environment with regular changes between dry and rainy seasons. Our main objectives were (1) to quantify the home range dynamics in different months: the home range overlap between neighbors, the number of new mounds, changes in the location and size of the home range of single individuals and Whether the nest has moved; and (2) to assess how these animals explore their underground environment over a full year.



Materials and methods

The study was conducted in Gansu Province in the eastern part of the Qinghai–Tibetan Plateau (Figure 1) at the Tianzhu alpine grassland system station of Gansu agricultural university (37° 18′ 34′′ N, 102° 36′ 22′′ E, elevation 2,892 m). The alpine meadow vegetation at this site consists of a mosaic of grasses (mainly Elymus nutans), sedges (mainly Kobresia humilis) and forbs. The climate in Tianzhu is characterized by a warm season (May–September) and a cold season (October–December/January–April) with precipitation mainly concentrated in June–September. The rainfall from June to September 2016 was 372.2 mm, accounting for 73.4% of the total rainfall in the research year (Figure 1). The average temperature and the soil temperature 15 cm underground were both < 0°C from November 2016 to March 2017 (Figure 1). The meteorological data were obtained from the China Meteorological Administration1.
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FIGURE 1
(Left-hand panel) Location of the study site. (Right-hand panel) Changes in temperature (air and 15 cm underground) and precipitation from June 2016 to May 2017.



Radio-tracking

Radio-tracking was carried out from June 2016 to May 2017. We captured 14 M. baileyi adults (seven females and seven males) in 2016 and 12 adults (five females and seven males) in 2017 (Table 1). We also captured a sub-adult (ID M981) in 2017, which was not included in the statistical analysis. The animals were captured using a live trap for subterranean rodents (Hua et al., 2015). To ensure the integrity of the tunnel, we did not recapture individual animals, so we did not obtain weight data for the other months of 2016. After capture the animals were anesthetized (1% pentobarbital, 0.5 mg/100 g body mass), weighed, sexed and fitted with a radio-collar (Ag 357, Biotrack Ltd., Wareham, Dorset, UK; battery life about nine months). The animals were released at the trap site when they were fully recovered from the effects of the anesthetic. The radio-collars weighed 4.75 g (<4% of the body weight of the smallest zokor in this study) (Zhou et al., 2013). The experimental procedures involving capture, handling and the use of radio-collars were approved by the Institutional Animal Care and Use Committee of the Grassland Science College of Gansu Agricultural University (GSC- IACUC-2018-0011).


TABLE 1    Overlap area (OA) of a single individual’s home range with other individuals and the percentage of overlap (OP) in its home range in different months.
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We used a Sika radio-tracking receiver (Biotrack Ltd.) and two-element Yagi antennas (Sirtrack Ltd., Havelock North, New Zealand) to locate the zokors. In 2016, radio fixes were taken during 24-h periods for 10 days each month (15th to 25th of each month). To ensure independence of the data collection, there was a 2-h time interval between fixes (Kubiak et al., 2017). In 2017, radio-tracking began 36–48 h after the release of the animal. All the individual animals were tracked until May 25. Radio fixes were taken over 12-h periods (08:00–20:00) with 2-h intervals between fixes. In total, we successfully radio-tracked 13 zokors (seven females and six males) from June to August, 11 zokors (five females and six males) in September and October 2016 and 12 (five females and seven males) in April and May 2017.

The radio-collars of two zokors (ID: F533, F663) fell off in September 2016 and we were not able to recapture the animals, so we did not obtain any further data from them. Another radio-collared male (ID M425) was not radio-tracked because it left its burrow system two days after release and moved above ground to outside the study area, where it created new caves in June 2016. We radio-tracked more than ten zokors continuously for more than ten months without damaging their burrow systems. The radio-collars did not affect their normal activities, including mating, excavating and building new surface mounds. The radio-collars could precisely locate the zokors, as shown by the fact that we were able to use the receiver to accurately find the two radio-collars that dropped off zokors F521 and F663. The data from individual animals with missing or incomplete transmission were not used in our analyses (see Supplementary Data 1). The battery power of the radio-collars of most individual animals was exhausted by March 2017, so we recaptured the individuals wearing the radio-collars and replaced them with a new one in April. The recaptured zokors and recycled radio-collars were used for studies in other areas (or other studies in this area).

The size of individual home ranges size was calculated using 95% kernel-density estimation (KDE) methods (Fleming et al., 2015). We also calculated 50% KDE. This method is commonly used to evaluate the size of the home range of subterranean rodents. To accurately record the current position of the zokors, we set up a georeferenced grid (5 m × 5 m cell size) above all the burrow systems before radio-tracking. By measuring the vertical distance between the fixes and the nearest tunnel, we estimated the accuracy of radio-tracking points to be <1 m. We found that the home ranges of some individuals overlapped and we calculated the degree of overlap by dividing the area of overlap of one individual with other intraspecific individuals by the total area of the zokor population. We calculated the KDE using all the tracking points from each individual for comparison with other studies. KDE and overlap calculations were performed using Ranges 8 version 2.1.6 software (Anatrack Ltd., Wareham, UK).



Measurement of environmental factors

To evaluate the characteristics of soil and vegetation, we considered each individual nest as a central point. The plant biomass and soil compaction were sampled at each of the central points in the three sampling units located at a distance of 3 m in the three cardinal directions. We used the method of Galiano et al. (2014) to estimate the plant biomass and soil hardness. In brief, the vegetation present in a 0.25 m2 × 0.3 m sample was collected and separated into above-ground and subterranean portions, dried for 24 h at 80°C and then weighed to the nearest 0.1 g. Soil samples were taken from near the capture points. Soil compaction was measured at 12.5, 15, and 17.5 cm soil depth using an SC-900 soil compaction meter (Spectrum, USA). We calculated the mean of three depths as the compaction (units: kg⋅cm–2) of one sampling point because the tunnel depth at the capture point of the zokors was between 10 and 20 cm (Li et al., 2004). We calculated the mean of the three sampling units and then the mean in the analysis of the soil compaction and vegetation variables.



Statistical analysis

We applied Student’s t-tests or Mann–Whitney U-tests (where the assumptions of the t-test were not fulfilled) to compare the differences in the size of the home range and the overlap between sexes in the same months. We used the same analysis methods to compare the differences between male and female body mass over two years. The comparisons of the overlap area of the same individual’s home range between June and October and the percentage of the overlap ratio in the two months were examined using Student’s t-test or a Mann–Whitney U-test. A comparison of all variables (home range size, home range overlap and body mass between the sex) was implemented in GraphPad Prism version 8.0.1 (GraphPad Software, San Diego, CA, USA).

We use Kruskal-Wallis one-way ANOVA to compare home range sizes, number of new mounds, soil compaction and plant biomass (aboveground and underground) in different months. The ANOVA analyses were performed with STATISTICA StatSoft (version 17.0) for Windows. The influence of each row representing the matched data (soil compaction and aboveground or underground biomass) on the mean home range of females, males and individuals were tested using a linear regression analysis, as implemented in GraphPad Prism. The map of study area and home range was drawn with ArcGIS 9.2 (ESRI, Inc., CA, US). In all cases the critical significance level was set at P < 0.05. All results are given as mean ± SD values.




Results


Use of space in the breeding season

The sizes of the home ranges of females and males changed dynamically throughout the breeding season. Based on 95% KDE methods, the size of the home ranges of males (n = 7, average 327.10 ± 218.10 m2) was significantly larger than the home ranges of females (n = 5, average 50.01 ± 43.92 m2) during the courtship and mating stages (April and May, 2017) (Mann–Whitney U-test = 1, P = 0.005; Figure 2). During the period of pregnancy and lactation (June and July, 2016), the home ranges of males (n = 7) averaged 139.10 ± 56.01 m2 versus 87.66 ± 74.09 m2 for the home ranges of females (n = 6) in June and 34.05 ± 38.62 m2 versus 51.10 ± 53.74 m2 in July; these differences in size were not significant (unpaired t-test: June, t = 1.390, d.f. = 11, P = 0.192; July, t = 0.646, d.f. = 11, P = 0.532; Figure 2). During the mating period, female-male overlapping area accounted for 7.46 ± 5.20% of the male nest area (n = 5, male and female pairs), while the overlapping area accounted for 61.92 ± 35.59% of the female nest area (n = 5, male–female pairs; Figure 3F). No overlap was found between the home ranges of females. In addition, we found that the nests of females were within the overlap of the home ranges of both males and females and we detected the radio-collar signals of the males that overlapped with the female’s nest at the same time.
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FIGURE 2
Comparison of the sizes of the home range of males and females in different months. The average sizes of the home range of all individuals are represented by the black dotted line. The asterisk indicates a significant difference, and ns means no significant difference in the home ranges of males and females. The results are presented as mean ± SD values.
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FIGURE 3
Representation of the size of the home range of radio-tracked Myospalax baileyi in an alpine meadow in eastern Qilian Mountain estimated by 95% KDE methods. Maps (A–E) show the continuous home ranges in 2016 (n = 13), whereas map (F) represents the home ranges of recaptured individuals in 2017 (n = 13). The area of the same color in a single month represents the home-range of one zokor. Coordinate axis units are meters.


We observed the individual M697 travel above-ground from the position (a) of capture to position (b) after 72 h of radio-tracking and then, after staying at position (c) for two days, it traveled above-ground to position (d) and built a new home range. There was no overlap between the home ranges of other adult males (Figure 3F).

In June, the home ranges of females overlapped those of males by 3.04 ± 4.75% (n = 7, female-male pairs), and the home ranges of males overlapped those of females by 4.48 ± 6.36% (n = 6, male-female pairs; Figure 3F). The home ranges of two pairs (F663-F233 and F638-F663) of the seven radio-tracked females overlapped by mean of 52.45 m2 and 7.95 m2 (Figure 3A), whereas only one pair in the six radio-tracked males overlapped by a mean of 2.4 m2. There was no overlap between the home ranges of males, females, or female and male from July to September. In October, only one pair (M104–F521) had small overlaps (overlapped area: 2.78 m2). The mean percentage of overlap of the home range of a single zokor with other individuals was 9.97 ± 15.13% in April and May and 32.55 ± 34.88% in June (Table 1); this difference in the proportion of overlap was significant (Mann–Whitney U-test = 30, P = 0.007). The average area of overlap of the home range of single individuals (16.56 ± 23.33 m2) in June was smaller than the area of overlap in April and May (29.00 ± 22.45 m2). Difference was found in these two months (t = 55, d.f. = 23, P = 0.041). In June, no individual nest was occupied by other individuals, and no two individuals were wirelessly traced to the same coordinate point at the same time in the overlap region. No overlap was found between the home ranges of all individuals in July (Figure 3B and Table 1).



Use of space in the non-breeding season

The average sizes of the home ranges of males and females were small during the non-breeding season (Unpaired t-test: August, t11 = 0.421, P = 0.682; September, t9 = 0.321, P = 0.754; October, t9 = 0.663, P = 0.524; Figure 2). No overlap was found between the home ranges of males and females in August or September (Figures 3C,D). In October, only one pair (M104–F521) of the 11 individuals showed overlap (Figure 3E). The overlap area of the home ranges of M104 and F521 was only 2.78 m2 (Table 1), accounting for 7.21 and 3.64% of their respective home ranges. However, the overlap area of the home ranges of M442 and F304 reached 14.2 m2, accounting for 8 and 31.2% of their home ranges, respectively (Table 1). All the radio-tracked individuals stayed in their own nests from November 2016 to March 2017 and the size of the home range of all the individuals was <1 m2.



New surface mounds in different months

The building of new mounds shows that the plateau zokors are expanding their existing tunnels or establishing a new tunnel system. The plateau zokors mainly built new mounds during the breeding season and in October during the non-breeding season (Table 2). The males built significantly more new surface mounds (average 10.1 ± 3.3) than the females (average 4.0 ± 1.9; t = 3.736, d.f. = 10, P = 0.004) during the courtship and mating stages in 2017. However, we found no significant difference between the number of new mounds built by males (9.5 ± 3.5) and females (8.6 ± 6.1) during the period of pregnancy and lactation in June (t = 0.328, d.f. = 11, P = 0. 749). The number of new mounds built by females (average 7.0 ± 4.0) was significantly higher than the number of new mounds built by males in July (average 3.0 ± 1.1; t = 2.385, d.f. = 11, P = 0.036).


TABLE 2    Individual ID (sex + transmitter), capture time (CT), body mass (BM) and number of new mounds (NNM) in different months.
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No new mound was visible above ground during the non-breeding season in August and only a few new mounds were seen in September (average: females (n = 5) 2.6 ± 1.7, males (n = 6) 2.5 ± 2.5; t = 0.075, d.f. = 9, P = 0.941). Some individuals did not even leave their own nests in August and September (Figures 3C,D). In October, the number of new surface mounds built by males averaged 9.3 ± 3.0 compared with 5.0 ± 1.2 new mounds built by females; this difference was significant (t = 2.996, d.f. = 9, P = 0.015). No new surface mound was built from November 2016 to March 2017 because the ground was frozen to 15 cm depth (Figure 1). The females captured in our study had a lower body mass than the males (average: females 146.6 ± 20.7g, males 257.7 ± 38.1g; t = 6.831, d.f. = 10, P < 0.0001) and no significant difference (average: females 179.0 ± 43.6g, males 225.8 ± 45.8g; t = 1.892, d.f. = 11, P = 0.085) was observed in 2016 (Table 2).



Movements within home ranges

Except for F304, the home ranges of other individuals in June had overlapped with their home ranges in July. The average overlaps accounted for 31.61 ± 25.72% (females 23.73 ± 29.40% and males 39.50 ± 21.03%) of the home ranges in June, but 87.86 ± 17.00% (females 93.72 ± 9.86% and males 82.01 ± 21.37%) of the home ranges in July (Figure 3). The home ranges of four males (M008, M357, M288 and M039) and two females (F533 and F521) in July were completely contained within their home ranges in June (Figure 4). There was no change in the position of the home range of all individuals at this stage.
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FIGURE 4
Monthly dynamics of each individual home range of M. baileyi from June to October 2016.


Four of the seven females, except for the two individuals (F533 and F663) who shed their radio-collars, had overlapped ranges in June and October (Figure 4). The average overlap area of their home ranges was 18.83 ± 16.16 m2 (range 2.86–34.93 m2). The proportion of overlap area in the size of the home range in June was 50.80 ± 21.93% and 43.97 ± 20.17% in October (Table 3). The movements in the home range of four females (F233, F638, F521 and F169) from June to October was around their respectively original nest. F304 appeared to be building a new nest from July and almost gave up its June home range after October.


TABLE 3    Overlap area of the same individual’s home range between June and October and the percentage of the overlap ratio in each month of 2016.
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The home ranges of only three individual males (M008, M357, and M039) in October overlapped with those of June and the position of their respective nest did not change (Figure 4). The average area of overlap was 43.93 ± 32.18 m2.

The average proportion of overlapping areas in a home range was 28.69 ± 19.39% and 93.76 ± 5.16% in June and October, respectively (Table 3). Three male zokors (M104, M442, and M288) completely opened up new home ranges, and established new nests in October and the closest distance from the old nest of their home ranges from October to June were 47.9 m, 53.0 m and 58.2 m, respectively 0.53



Relationships of home range dynamics with plant biomass and soil compaction

There was a significant difference between months on mean soil compaction (χ2 = 18.65, d.f. = 6, P = 0.002; Figure 5B) and there were statistically significant differences of the above- and below-ground plant biomass (Kruskal-Wallis statistic: above-ground plant biomass, χ2 = 46.41, d.f. = 6, P < 0.001; underground plant biomass, χ2 = 43.00, d.f. = 6, P < 0.001; Figure 5A).
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FIGURE 5
(A) Aboveground and underground plant biomass. The lowercase letters represent the differences between months. (B) Changes in soil compaction. Relationships between the aboveground (or underground) biomass with the average size of the home range of female (C,F), male (D,G), and all individuals (E,H) in June, 2016.


The size of the home range in June for females, males and all individuals did not show a significant correlation with the above-ground plant biomass (R2 = 0.0001–0.2398, P = 0.265–0.983, Figures 5C,D,E), respectively. And there was no significant relationship between the size of the serial home ranges and soil compaction (R2 = 0.057–0.607, P = 0.004–0.567). By contrast, the size of the home range of females, males and all individuals did show a significantly negative correlation with the underground plant biomass regardless of the mating period (R2 = 0.589–0.784, P = 0.002–0.023; Figures 5F,G,H).




Discussion


Changes in home-range size

Our analysis of the variation in the size and overlap of the home range of plateaus zokors throughout the year suggests that physical contact and environmental characteristics influence the utilization of space by M. baileyi. Their home ranges showed dynamic changes in each month and constantly shifted in space. During the mating period, the home ranges of males were 6.5 times larger than the home ranges of females, although both females and males occupied similar sized home ranges at other times. The home ranges of females increased significantly in size in June after mating as the females extended their ranges to 1.8 times larger than these during the mating period to overlap with the home ranges of neighboring individuals. During the non-breeding season, the home ranges of most of the zokors remained within an optimum size and there was little overlap between individuals.

Although we did not excavate the burrow systems of the radio-tracked zokors, the size of their home range in the breeding season was 139.10 ± 56.01 m2, not significantly different from the average size of the home range (122.7 ± 53.75 m2) found by Zhou and Dou (1990) using radio-tracking. Studying the secretive habits of subterranean rodents in their natural state is often challenging and has previously been achieved by excavating entire burrow systems (Reichman et al., 1982; Davies and Jarvis, 1986). However, this method only provides snapshots of the tunnel system geometries of individuals or colonies that are then used to estimate the size of their home range (Cutrera et al., 2006). This method cannot perform long-term tracking of the nest domain. Longer studies of the utilization of space by subterranean rodents relies on registering new surface mounds and capture sites, but this method may be not appropriate for M. baileyi because two females (F663 and F169) expanded their home range in August (Figure 3C), although none of the individuals produced new mounds in this month.



Home range movement and overlap

Plateau zokors show dynamic changes in the size and overlap of their home ranges between intraspecific individuals in their natural habitat. A number of factors may explain the larger home ranges of male M. baileyi during the mating period. Many solitary subterranean rodents have a polygynous mating system (Cooper and Randall, 2007). Males try to gain access to multiple potential estrus females by expanding their burrow systems (Schoen and Kirchhoff, 1985), suggesting that females are a finite resource that probably affects the home ranges of males. Although the mating system of plateau zokor is still controversial (Zhang, 2007), we found that a male zokor (M929) entered the nest of different two females (F147 and F616) (Figure 3F), suggesting that M. baileyi may be a polygynous mating system. Intersexual differences in sizes of the home ranges of M. baileyi during the mating season also have been reported by Zhang et al. (1993). Our findings suggest that the home ranges of males remain relatively independent, which avoids competition during the mating period. Similar findings have been reported by Zhou and Dou (1990).

Solitary subterranean males may also search for a mate by traveling above ground; an earlier study of silvery mole rats reported that the long distances between the home ranges of mating partners ruled out an underground search for mates (Patzenhauerová et al., 2010) and showed that males probably look for estrus females by traveling above ground. In our study, a male zokor (M697) traveled above ground to two new locations and eventually established a new home range (with an area of 104 m2) within 32 days (Figure 3F). The capture–mark–recapture rates of male plateau zokors recapture lower than males over three years during the mating seasons (Zhang et al., 1993) and zokor skulls were found in vomit from many raptors (Cui et al., 2003), which shows that male zokors may be traveling above ground in search of females even though they are at high risk of predation. This may be another factor in the changes in their home ranges.

The home ranges of females often overlapped multiple home ranges of neighbors one month after the mating period, which is unusual among solitary and aggressive subterranean rodents (Tassino et al., 2011). M. baileyi seems to show a high tolerance for close neighbors. At this stage, the average size of a female’s home range was 1.8 times larger than during mating, which may be related to the large amount of food required during pregnancy and lactation; the size of the home range of males did not significantly change compared with the mating period. However, we estimated the core area of plateau zokors using the 50% KDE method and found that most individuals had no overlap, with only F233 and F663 overlapping by 3.66 m2; their core areas remained relatively independent and exclusive. Because the core areas are the location of cache and food storage (Zhou and Dou, 1990; Zhang, 2007), the defense of the cache and food resource may be a major factor in the preference of the subterranean rodents for solitude.

The home ranges of the plateau zokor were significantly reduced at the end of the period of reproduction and in the non-breeding season and there was no overlap between the home ranges of most individuals. The home range at this time can even be synonymized to the territory (Nevo, 1999; Winner et al., 2018). This may be because maintaining and defending a large territory could have large costs (e.g., predation risk and energy expenditure). In addition, about half of the individuals did not expand into new spaces in August and September during the non-breeding season, when their activities were mainly concentrated on their own nests, similar to the observations of Zhou and Dou (1990). A decreased intensity of activity of plateau zokor during this period was also reported (Ji et al., 2018). The space utilization patterns of subterranean rodents may reflect an adaptation to the ambient temperature of the tunnels11 to avoid overheating during the warm season (Rado et al., 1993).

Further evidence of the dynamic home ranges of the plateau zokor is a relatively low overlap between a single individual’s successive home ranges within a five-month period in 2016 (Figure 4). Females usually have a fixed nest, with new tunnels expanding from the nest. In addition to rearing their young, the changes in the home range may also reflect a balance between foraging strategy and the costs of traveling (Fisher and Owens, 2012). As proposed by Bandoli (1981), Zuri and Terkel (1996) and Smallwood and Morrison (1999), the burrow systems of solitary subterranean rodents are constantly shifted by extending new tunnels while backfilling or abandoning older tunnels. Refilling tunnels and abandoning older burrows makes a significant contribution to the dynamics of the home range of subterranean rodents. For example, Thorne and Andersen (1990) tracked the development of a single burrow system of a pocket gopher (Geomys bursarius) for five months. The pocket gopher excavated at least 110 m of tunnel on top of the initial burrow system during that time, while 77 m of the burrow was backfilled and 32 m of an air tunnel were abandoned. Silvery mole rats, strictly solitary subterranean rodents from East Africa, have been reported to continuously rebuild their burrow systems and backfill 64% of older tunnels on average during an 80-day monitoring period (2000). Zhou and Dou (1990) described M. baileyi refilling their burrows with excavated soil, although this was not quantified.

Our radio-telemetry data and observations of new surface mounds suggest that male plateau zokors have a more efficient rate of digging. Unlike the home ranges of females, the home ranges of males are unstable in the long term and shift in space, especially during the non-breeding season. Three males in our study built completely new burrows in October (non-breeding season) (Figure 4). The mean distance between the new home ranges of these three males and their old nests was 53.03 ± 5.15 m and there was no sign of surface movement and no opening left in the older home ranges. This changes the location of the home range from that during the mating period. For example, M697 left an open cave at two abandoned sites during the mating season, traveling > 88 m above ground. Our results contradict the hypothesis of Nevo (1999) that the home ranges of all subterranean mammals, once established and used for a breeding season, are essentially permanent for life. Shifting home ranges have been reported for some solitary subterranean rodents, such as blind (Zuri and Terkel, 1996) and silvery mole rats (Lesage et al., 2000). Shifts in the home ranges of males may occur to avoid inbreeding or to reduce the competition for food resources and the space caused by future increases in the population (Zhang, 2007). We did not simultaneously capture two zokors in the same burrow systems of females, suggesting that individuals born in the previous breeding season had built their own nests. The migration of the home ranges of solitary subterranean rodents may be a self-regulation strategy for controlling the population density (Galiano et al., 2014), although Šklíba et al. (2009) thought that changes in the home ranges are more likely to reflect a defensive strategy.



Factors influence home-range size

Most subterranean rodents, including plateau zokors, inhabit seasonal environments (Begall et al., 2007). The seasonal availability of food probably influences the use of space by subterranean rodents (Busch et al., 2000). Although the underground storage organs of plants are the main source of food for subterranean rodents, plateau zokor are known to consume the aerial parts of vegetation in addition to subterranean plant organs and even feed on the stems and leaves of grass and sedge which may affect their utilization of space (Wang et al., 2003). The burrowing and foraging activities of M. baileyi have a great influence on the soil properties and plant community (Zhang et al., 2014) and there is evidence of overgrazing in the alpine meadows of the Qinghai–Tibetan Plateau, leading to increased degradation of the grasslands (Zhang and Liu, 2003). We found that there was a significant positive correlation between the size of the home range of plateau zokors in different months and the underground biomass.

Soil compaction is also considered to be an ecological constraint in extending the burrows of subterranean rodents (Galiano et al., 2016; Kubiak et al., 2018). Although we found no significant difference, there was such a constraint between the two peaks (June and October) in the activity on the plateau and the average size of the home ranges was significantly larger in June than in October (Mann–Whitney U-test = 30, P = 0.015). This may be due to the abundance of underground biomass in June, whereas in October the zokors need to gather a lot of food from underground for the long winter because the above-ground parts of plants are almost inedible. M. baileyi did not expand its home range to obtain more food when there was less underground biomass. It is suggested that they may dig more branching tunnels for foraging, but this was not been proved in our study because we did not open the tunnels for long-term monitoring. Exploration of the surroundings of permanent primary tunnels by excavating short, branched foraging tunnels is a typical behavior in many subterranean rodents (Davies and Jarvis, 1986; Šklíba et al., 2009, Tassino et al., 2011). Additional studies, such as the impact of intraspecific seismic communication on the size of the home range, are required to further understand the use of space by M. baileyi and other solitary subterranean rodents.

Our monitoring data provide information on the size of the home range of M. baileyi in relation to mating behavior and food resources. We have shown that the home ranges of M. baileyi are dynamic and that males can change the location of their home range within one breeding cycle. Understanding the use of space by subterranean rodents and their dispersal are crucial to their conservation and management. More comprehensive information on burrows should be combined with subsequent excavation and mapping of burrow systems.
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